Abstract-We analyze the small-and large-signal response of a photonic crystal Fano laser. Conventional current modulation, as well as modulation of the laser via the mirror, is investigated using a numerical approach as well as linear small-signal analysis. The results show that the amplitude modulation bandwidth of one of the laser ports (the through-port) and the frequency modulation bandwidth of another port (the cross-port) extend to the THz region. Large-signal simulations of the laser response to a 500 Gb/s pseudo-random bit sequence modulation of the nanocavity are in good agreement with the predictions of the small-signal analysis. Finally, it is investigated how the design of the Fano mirror, in particular, the quality-factor (Q) of the nanocavity, affects the modulation properties.
I. INTRODUCTION
I N RECENT years, by introducing defects in photonic crystals (PhCs), high quality cavities and hence ultra-compact lasers have been realized [1] - [8] . Different types of PhC lasers have been realized, i.e., point-defect [3] , [5] , line-defect [6] - [9] and nano-beam [10] lasers, each with their advantages. Recently a different type of laser, a so-called Fano laser (FL), was suggested, where one of the laser mirrors is realized using a Fano interference between the continuum of waveguide modes and the discrete mode of a side-coupled nanocavity [11] . This Fano mirror only has a high reflectivity within a narrow bandwidth determined by the quality factor of the nanocavity and it was shown that the laser can be frequency modulated (FM) at frequencies largely exceeding the relaxation oscillation frequency by modulating the nanocavity resonance rather than the laser current [11] , [12] . Recently, the Fano laser was experimentally demonstrated [13] and it was furthermore shown that the laser can operate in a regime of self-pulsation, where a train of short pulses is generated [13] , [14] .
In this paper, we extend the results of [11] by studying the large-signal modulation properties of the laser. The large-signal model is verified in the small-signal regime by comparison to semi-analytical small-signal results. Two different ways of modulating the Fano laser are investigated, i.e., via conventional current modulation or via modulation of the refractive index of the nanocavity, and the physical origin of the large difference in modulation bandwidth between the two schemes is explained. Both frequency modulation (FM) and amplitude modulation (AM) are being considered. Finally, the large signal response of the PhC-FL is investigated at bit-rates up to 500 Gbit/s by considering the response to a pseudo-random bit sequence. It is found that by proper choice of the output port of the Fano laser, both FM and AM modulation with good eye openings can be achieved at these extreme bitrates.
II. MODEL AND STEADY-STATE CHARACTERISTICS
A schematic of the PhC-FL under study is shown in Fig. 1 . It is implemented in a III-V semiconductor membrane, where light confinement in the plane is due to the photonic crystal bandgap effect, realized by a pattern of airholes, and in the transverse direction light is confined by total internal reflection [15] . A line-defect PhC waveguide is terminated in one end by airholes while in the other end it is side-coupled to a point defect nanocavity giving rise to a Fano resonance [16] . The gain region is confined to the green region in the figure, i.e., the nanocavity is passive, which can be realized using the buried heterostructure technology [6] . The nanocavity is also coupled to an upper PhC waveguide, which is denoted as the laser cross-port, while 0733-8724 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. [11] the lower output waveguide is the through-port. It was shown in [11] that when the laser is operated at its minimum threshold gain, the power in the cross-port is much larger than that in the through-port, but bearing this in mind we shall here investigate the output properties of both ports. The bandwidth of the left mirror is very large and we shall for simplicity assume the reflectivity to be unity. The vertical dot-dashed line shows the horizontal position of the right mirror at which the nanocavity odd mode (H 1 ) interferes destructively with the waveguide modes, resulting in a Fano mirror with effective reflection coefficient r 2 (ω) = γ c /γ T (1 + iδ c ),in which δ c = (ω c − ω r )/γ T is the normalized nanocavity detuning, ω c is the nanocavity resonance frequency, and ω r = c/λ r is the reference frequency about which the dispersive parameters are expanded [11] - [14] . Moreover, γ c and γ T = γ c + γ i + γ p /2 represent the nanocavitywaveguide coupling rate and the total decay rate including the nanocavity intrinsic decay rate, γ i , and the decay rate into the cross-port, γ p [11] - [14] . The corresponding quality factors are
A dynamical model for the FL can be derived by combining a transmission line model and coupled-mode theory [11] - [14] . We use the same model as in [11] , which is valid as long as the modulation of the nanocavity resonance is on the order of or smaller than the nanocavity linewidth [14] and the frequency is smaller than the inverse of the roundtrip time [12] . All the parameters used in our numerical simulations are listed in Table I .
The laser threshold current, J th , versus the detuning is shown in Fig. 2(a) . When the nanocavity is detuned from its optimum value, the threshold current increases since the laser now oscillates off the center of the nanocavity resonance in order to fulfill the phase matching condition [11] . The threshold current is asymmetric with respect to detuning due to the finite value of the alpha parameter [11] , [14] . Moreover, the laser output power emerging from the through-and cross-port are given by respectively, in which n eff , ε 0 , and c, are the effective refractive index, free space permittivity, and light velocity.
represent the rightand left-propagating field envelopes at the reference plane adjacent to the Fano (right) mirror, with a ± and φ ± being the corresponding amplitudes and phases. Fig. 2(b) illustrates the dependencies of P t and P c on the nanocavity detuning for two different bias currents of 4.5 mA and 6.8 mA. For zero detuning, the laser frequency and the nanocavity resonance coincide, maximizing the destructive interference and hence minimizing the through-port power. The cross-port power is proportional to the optical energy stored in the nanocavity and is maximized for δ c = 0. As the nanocavity frequency is detuned, the power emerging from the through-port increases, corresponding to an increase of the differential quantum efficiency [11] . The corresponding variation of the laser frequency with detuning is shown in Fig. 2(c) , displaying a quasi-linear dependence.
Next, we have analyzed the modulation properties of the laser using the standard small-signal (SMS) approach and compared the results with those obtained numerically. In the SMS approach, we used the first order perturbation for all the dynamical variables (a + , a − , φ + , φ − , and carrier density, N) around the steady-state values [17] .
III. SMALL-SIGNAL MODULATION
We consider two cases of modulation: (i) conventional current modulation defined by J(t) = ΔJ sin(2πf t)with ΔJ and f being the modulation amplitude and frequency; (ii) modulation of the nanocavity frequency, defined by
with ε being the modulation amplitude.
For case (i), we consider a fixed amplitude of ΔJ = 225 μA and compare the responses for three different (static) nanocavity detunings (δ c = 0, 0.5, and 1), assuming the same steady state photon number of 1.6 × 10 4 . Fig. 3(a) compares the modulation indices (Δp x /p x i.e., the ratio of the maximum excursion of the optical power (Δp x ) to the average power at the cross-port (x = c) or through-port (x = t)), calculated by numerical simulations (symbols) with the similar data obtained via the SMS approach (solid curves) for δ c = 0 (circles), 0.5 (hexagons), and 1 (diamonds). Fig. 3(b) shows a similar comparison for the FM amplitudes, defined as the maximum excursion of the instantaneous optical frequency (υ(t) = ∂ t φ(t)). By increasing the detuning from δ c = 0 to 1, the threshold current increases, so to keep the photon number constant (1.6 × 10 4 ), the laser bias current is increased, thus decreasing the ratio of the current modulation amplitude to the bias current. As a result, the low frequency component of the modulation index becomes smaller. Figs. 3(a) and (b) also reveal that the behavior of the FM amplitude and modulation index for the PhC-FLs in the low-frequency region is similar to the case of conventional FP lasers, where the modulation index is almost flat while the slope of the corresponding FM amplitude is large and positive for ω < ω R [17] . Also, from these two figures, one can conclude that for the same intracavity photon number, the larger the Fano laser nanocavity detuning, the larger the relaxation oscillation frequency and bandwidth. For example, for the constant photon number of 1.6 × 10 4 and the given nanocavity detunings, the corresponding relaxation oscillation frequencies are f R = 9 GHz (circles), 20 GHz (hexagons), and 35 GHz (diamonds). To further illustrate this, Fig. 3(c) shows the PhC-FL 3-dB bandwidth versus injection current for δ c = 0, 0.5, and 1. As for a conventional FP laser, by increasing the bias current, the 3-dB bandwidth of the FL increases. Here, we can see that the nanocavity detuning of the FL can also act as a possibility to increase the relaxation oscillation frequency and the associated 3-dB bandwidth, albeit, at the expense of greatly reducing the modulation efficiency. This is because as the detuning increases, the Fano mirror reflectivity decreases and so does the photon lifetime, which will increase the relaxation oscillation frequency [17] .
As can be observed from Fig. 3(c) , the nanolaser current injection level is in the range of mA. This may raise an important issue regarding the impact of thermo-optical effects. Nonetheless, a thorough systematic thermal analysis, using A full 3-D simulation as well as experimental results, it has been shown that InP based PhC lasers remain at room temperature under CW pumping [18] .
In the second case, we investigate the response of the FL to modulation of the nanocavity frequency. This may be implemented by various approaches: (i) Dynamic modulation of nanocavity resonance frequency by applying voltage to the electrodes placed near it [19] ; (ii) Modifying the nanocavity resonance frequency, without changing its quality factor, by moving a near-field probe vertically and laterally in the nanocavity [20] ; (iii) Modulation of the nanocavity resonance frequency, by means of optical nonlinearities -i.e., via dispersion of the optically excited free carriers [21] , [22] . Varying the modulation frequency in the range of 1 GHz ࣘ f ࣘ 30 THz, we calculate the FM amplitude. Fig. 4(a) and 4(b) show the frequency dependence of the FM amplitudes for A + and A − . Symbols represent the data obtained by the numerical approach and the solid curves depict the result of the SMS analysis. Circles in both figures represent the data for a PhC-FL with a nanocavity having a quality factor of Q = 500 and a waveguide cavity having a length of L = 5 μm. Using the SMS approach based on our theoretical model, it can be found that the instantaneous optical frequency spectrum of the corresponding fields (υ + (ω) and υ − (ω)) can be approximated by
as shown in Figs. 4(a) and (b) . So the DC component of the FM amplitudes for both fields are γ L /)γ T + γ L (. As we can see from Fig. 4 , for the PhC-FL with Q = 500 (γ T /2π = 194 GHz) and L = 5 μm (γ L /2π = 1.34 THz), the low frequency value of the FM amplitude is about 0.87, while, for the FL with L = 10 μm and Q = 500, the FM amplitude reduces to 0.78, and for the FL with Q = 100 and L = 5 μm, it decreases to 0.58. As shown in [11] , the cut-off frequency (bandwidth) of the FM response depends on the nanocavity decay rate (γ T ) and the inverse of the waveguide cavity round-trip time (γ L ), i.e., ω 3dB = (γ T + γ L ). Therefore, as L increases, γ L and hence the modulation bandwidth, for a given Q decreases. Moreover, as the nanocavity quality factor decreases, the total decay rate increases and the FM response bandwidth increases. Fig. 4(b) shows that the FM amplitude increases towards unity with the modulation frequency, reflecting that the cross-port field modulation always tracks the nanocavity field change instantaneously. We notice that the model becomes inaccurate for high modulation frequencies exceeding the intermode-spacing [12] , but this limit occurs at frequencies much higher than the relaxation oscillation resonance frequency, safely allowing analysis in the high-frequency regime not accessible in conventional lasers. In the low-frequency limit, the FM response represents the slope of the steady-state lasing frequency versus nanocavity resonance frequency. These results show that in contrast to the case of current modulation, SMS modulation of the Fano mirror resonance changes the phase and frequency of the field in the nanocavity via the adiabatic wavelength conversion mechanism that lets the laser field to track the nanocavity field, directly, leading to an essentially pure FM signal. This is because, the modulation frequency is much faster than carrier dynamics timescale that limits the conventional lasers bandwidths [11] , [23] . Consequently, the SMS analysis indicates that the usual bandwidth limitation imposed by relaxation oscillations in conventional current-modulated FP lasers is absent here [11] . Figure 5 (a) shows the frequency dependence of the modulation indices of the cross-port and through-port powers under an injection current of J = 5 J th and modulation amplitudes of ε = 0.05 (circles) and ε = 0.25 (crosses). The numerical results (markers) agree quantitatively with the results of the SMS analysis. However, by increasing the modulation amplitude to ε = 0.25, the deviation between the SMS and the numerical results starts to be apparent (see inset in Fig. 5(a) ). The modulation spectra for the cross-port signals, with peaks observed around the relaxation oscillation frequencies, behave similarly to that of a conventional FP laser. Besides, as the modulation amplitude increases, the modulation index increases. Furthermore, for constant modulation amplitude, since the cross-port power is higher than that of the through-port, the intensity modulation index of the through-port power is larger.
As seen in Fig. 5(a) , the intensity modulation bandwidth for the through-port power is in great contrast to that of the cross-port. The bandwidth of the modulation index of the through-port power can be extended to the THz range. To understand this, let us compare the expressions for their corresponding small signal fluctuations. A simple calculation reveals that dPc (small signal fluctuation of cross-port power) has no phase dependence (on φ + and/or φ − ) whereas dP t (small signal fluctuation of through-port power) is related to the phase difference of the counter-propagating signals through
,where dφ ± are small signal phase fluctuations. This dependence, flattens out the modulation index of the through-port power at high modulation frequencies, as can be seen from Fig. 5(b) where the spectrum (dφ + − dφ − ) is almost flat up to ∼1 THz. In other words, the characteristic relaxation rate for the phase difference is governed by the total rate (γ L + γ T ) by which the phase coherence can decay, resulting in a THz bandwidth and circumventing the usual limitation imposed by the relaxation oscillation frequency [11] .
IV. LARGE-SIGNAL MODULATION
Finally, to examine the capability of digital data transfer from electrical to the optical domain by the PhC-FL, we investigate the large signal behavior. In Ref. [11] , it was shown that when the large-signal modulation amplitude exceeds a certain critical limit, short-pulses may be generated due to the build-up of a large carrier density during the part of the modulation cycle where the laser is below the threshold. In order to avoid these strong nonlinear effects, the modulation amplitude should be limited. Here we limit ourselves to positive detuning of the nanocavity and consider two cases, i.e., 0 ≤ δ c (t) ≤ 1 and 0 ≤ δ c (t) ≤ 0.5. We investigate the laser temporal responses under a pseudo-random binary sequence (PRBS) modulation of the nanocavity detuning, at 500 Gbit/s, as illustrated in Fig. 6(a) . This PRBS bit rate is chosen to be close to the 3-dB bandwidth of the SMS response of the FL. In order to evaluate the quality of the output modulation, we consider the corresponding eye diagrams. The eye diagram opening is thus a measure of the suitability of the FL for high bit rate modulation [24] . (Fig. 6(a) ). As can be seen, the eye diagrams for the FM amplitude are wide open, confirming the THz wide FM modulation bandwidth predicted by the SMS analysis. However, the eye diagram for the cross port power exhibits a power variation of 40% which is undesirable since we are looking for pure FM modulation without any power variation. On the other hand, the eye diagram for through-port power exhibits an open pattern, verifies its large 3-dB bandwidth which extends to THz frequencies and predicted by SMS analysis.
By decreasing the modulation amplitude to 0 ≤ δ c (t) ≤ 0.5, the difference between the power levels 0 and 1 decreases, as depicted in Fig. 7(a) and (c) ). Consequently, the variation of the cross-port power decreases to 11% (Fig. 7(b) ), improving the purity of the signal. Optimization of the modulation properties of the laser is beyond the scope of this paper, besides, noting that we also need to take into account the de-modulation techniques used for detecting the FM-modulated signal.
Finally, the cavity coupling rate and the quality factor of the nanocavity can be engineered with important consequences for the laser dynamics. To investigate the effect of the nanocavity quality factor on the temporal response of the large-signal modulation of the PhC FL, we consider three different nanocavity quality factors of Q = 500, 1000, and 1500 under a fixed bias current of J = 2.3 mA. Here we consider modulation of the nanocavity with an amplitude of 0 ≤ δ c ≤ 0.5. Fig. 8(a)-8(c) shows that by decreasing the quality factor of the nanocavity via an increased coupling to the waveguide, the average power increases due to the increase of the maximum Fano mirror reflectivity and the corresponding reduction of the threshold current. In addition, by increasing the quality factor of the nanocavity from 500 to 1500, the power variation decreases from 11% to 0.8%, due to the smaller absolute variation of the nanocavity resonance frequency. Thus, the power modulation variation decreases consequently, which leads to a more pure FM modulated signal. As expected from the SMS analysis, as the nanocavity quality factor increases, the 3-dB bandwidth decreases since Q ∝ γ −1 T . Correspondingly, the eye diagrams start to close (the difference between 0 and 1 levels decreases) as seen in Figs. 8(d)-(f) .
V. CONCLUSION
In conclusion, we have studied small-and large-signal modulation properties of photonic crystal Fano lasers. In particular, conventional current modulation has been compared to the case of modulating the resonance frequency of the nanocavity governing the Fano mirror, which controls the wavelength and intensity of the laser. It was shown that the Fano laser has the prospect of being modulated at frequencies of several hundred gigahertz when considering modulation of the nanocavity. Furthermore, the effect of the nanocavity quality factor (Q) on the modulation properties was investigated, showing that this provides an important design parameter. Future work should analyze different methods for modulating the nanocavity as well as optimizing the performance under consideration of the actual detection technique.
